Industry emits approximately 1 billion tonnes of CO2 each year (1 GTCO2/yr) in the United States-one-third of US stationary emissions-and an even greater amount in industry-heavy China. We hypothesize that capturing industrial CO2 offers a nearterm pathway to jumpstart CO2 capture and storage (CCS) and is a long-term necessity to stabilize atmospheric CO2 in order to avoid catastrophic climate impacts. We explore this proposition using several new CO2 emissions and storage databases for the United States, as well as emerging research including the economics of industrial CO2 capture. We refer to our new "sources of CO2 that are not electricity" database as SCO2NE.
Introduction
CO2 capture and storage (CCS, or just carbon capture) is an essential technology to meaningfully reduce global greenhouse gas (GHG) emissions and minimize climate change impacts. Carbon capture can be deployed in the near-term with immediate and significant reduction in CO2 emissions, while long-term stabilization of atmospheric CO2 requires CCS in essentially all major global policies, agreements, and simulations [1] . However, CCS is only currently managing one-thousandth of the CO2 required to have a meaningful impact. In particular, CCS research and development is largely aimed at electricity generation which is often cost prohibitive 79, 80 , issues such as capturing CO2 from a variable steam of flue gas [2, 3] , and the design of an integrated CCS network to capture, transport, and store the CO2 [4] .Here we suggest a new approach, based on previous smaller scale work [5] [6] [7] , to understanding carbon capture based on non-electricity industrial emissions, CO2 sources that could quickly and effectively stimulate CCS while being required for long-term climate change mitigation. These industrial sourcesincluding petroleum refining, paper and pulp production, chemical manufacturing, iron/steel production, and ethanol production-emit significant CO2 volumes and are rarely considered in climate mitigation strategies (Figure 1 ). We develop a stationary CO2 database for the United States (SCO2NE) based on several existing databases, identify challenges and opportunities for industrial CO2 and carbon capture, and identify a potential path forward for CCS including implications for national and global policies such as the U.S. Clean Power Plan [8] and the Paris Agreement [9] . The SCO2NE database does not include potential future uses for CO2 such as non-aqueous fluids for hydraulic fracturing and shale gas [10] . 
Methods
We have built a comprehensive stationary CO2 emissions database-the SCO2NE (sources of CO2 that are not electricity) database-standardized to 2012 in order to understand CCS in the United States. The database does not include small-scale emissions such as residential CO2 which accounts for 17% of U.S. emissions [11] . Although other U.S. CO2 emission databases are available, such as the original EPA data and DOE's Carbon Storage Atlas [12] , we have filled in missing data (such as biorefinery emissions that were exempt from EPA reporting), added value through parsing CO2 streams into multiple categories (such as high purity CO2 and combustion CO2), and for the first identification of key CO2 sectors ( Figure 1 ) to understand the magnitude and nature of U.S. CO2 emissions.
Three data sources were analyzed and fused to create the SCO2NE database: EPA's Greenhouse Gas Reporting Program (GHGRP) [13] , carbon deserts database of high-purity CO2 [14] , and power plant emissions provided through EPA's Clean Power Plan [15] . The SCO2NE database contains CO2 emissions information for 11,300 individual facilities within the United States, approximately twice as many facilities as DOE's NATCARB database [12] . Each facility in the SCO2NE database is assigned to a multi-level North American Industry Classification System [16] (NAICS); the federal government uses the NAICS to classify all U.S. businesses according to the type of economic activity. We use the NAICS to classify each CO2-emitting facility into one of 23 CO2 sectors; facilities within each sector are similar in terms of the type of emissions and their business activities. Relating types of CO2 emissions to the business-economic activity gives us a new understanding of how CCS can be stimulated in the United States and beyond. For visualization purposes, all 11,300 facilities were binned into 50 by 50 km grid cells that cover the United States. In addition, the SCO2NE database contains CO2 storage estimates from the carbon storage atlas [12] , including utilizations options such depleted oil fields and unmineable coal storage, and CO2 intensity and massed-based targets from the EPA Clean power Plan. 
Analysis
All long-term energy emission scenarios with near-zero GHG rely on a combination renewable energy, nuclear power, and fossil energy coupled to CCS for electric power generation. However, no major climate mitigation strategies focus on industrial sources of CO2, either in the short or long term, industries that include petroleum refining, paper and pulp production, chemical manufacture, ethanol production, and the iron/steel industry ( Figure  1 ). Industrial CO2 emissions are arguably critical for developed world strategies to reducing CO2 emissions; the developed world has already largely consumed its fair share of carbon space in the atmosphere, a concept that will require particularly deep cuts in CO2 emissions. Although these industries can benefit from low-carbon electricity (CO2 is largely assigned to the "electricity" column in Figure 1 and not "industry), the majority of these industrial sources cannot be replaced with near-zero CO2 pathways. Broadly, these emission pathways fall into two categories: thermally energy-intensive processes (e.g., iron/steel industry) and material processing (e.g., cement manufacture); we refer to these as combustion-CO2 and process-CO2 respectively. Several major industry categories, such as ethanol production, fall into both categories. Industrial CO2 emissions are split almost evenly between combustionand process-CO2 emissions.
Capturing and storing industrial CO2 emissions is a potential pathway for the United States to jumpstart CCS and reduce CO2 emissions in order to reduce CO2 emissions, comply with EPA's Clean Power Plan, and meet targets set in the United Nations conference on climate change (COP21) [17] . The SCO2NE database enables a unique understanding of industrial CO2 emissions across the United States (Fig. 2) . Broadly, industrial sources of CO2 are located in high population states east of the Mississippi River and long the East, West, and Gulf Coasts. However, these industrial sources demonstrate strong regionality or spatial clustering, largely based on access to resources. For example, chemical manufacturing and petroleum refining predominantly occur along the Gulf Coast, a region with ready access to hydrocarbons, shipping, and water. Pulp, paperboard, and saw mills are present in the forest northwest and southeast regions, and ethanol production in the agricultural Midwest. And iron/steel production is still centred in the U.S. rust belt close to the Great Lakes.
Industrial sources of CO2 offer a pathway to jumpstart CCS in the short term and SCO2NEs will have to be captured and stored in the long term in order to stabilize CO2 in the atmosphere. Industrial CO2 is particularly important to developed countries in the context of "carbon space," the idea that developed countries have already used up most of their allotted carbon space since the industrial revolution. Moreover, managing industrial CO2 emissions is potentially preferable to reducing transportation emissions, such as through fuel switching, which accounts for 27% of total U.S. emissions.
Conclusions
Producing and analyzing the SCO2NE database is a first step in highlighting the potential benefits of industrial CO2 for climate mitigation, both in the United States and globally. Industrial CO2 emissions are particularly attractive because they are substantial (approximately one-third of U.S. stationary emissions) and much more able to absorb price increases compared with electricity generation. However, this potential can only be realized with important next steps. For example, a detailed life cycle assessment needs to be performed for the SCO2NE categories to understand the CO2 intensity of carbon capture and the expected price increase of CCS. In addition to expect cost and price increases, it will be important to understand the industrial competitiveness and mobility of these sources. For example, it is relatively difficult to import electricity from around the world and thus there is little risk in U.S. power plants relocating operations abroad; the same is not true for many industrial sources such as paper production. And finally, the policy mechanisms to encourage carbon capture from industrial sources are largely unknown at this point.
